The influence of chromium on the microbial community structure was analyzed in a river system subjected to long-term chromium contamination, by plating and by sequencing 16S rRNA genes cloned from DNA extracted from the river sediments. We also analyzed the influence of chromium on the ability of the microbial community to resist and reduce Cr(VI) and on its resistance to antibiotics. Shifts in the microbial community structure were analyzed by amplified ribosomal DNA restriction analysis fingerprinting. The isolates obtained were phylogenetically related to Actinobacteria, Firmicutes, Bacteroidetes and Proteobacteria, whereas Acidobacteria and Deltaproteobacteria were only revealed by clone analyses. Cr(VI)-resistant and Cr(VI)-reducing strains were isolated in all sites examined. However, each sample site had a microbial community with a different antibiotic resistance pattern. Our study seems to indicate that in this river ecosystem chromium influenced the microbial communities, altering some of their functional characteristics, such as the percentage of the microbial community able to resist or to reduce Cr(VI) and the phylogenetic groups isolated, but it did not affect the structural diversity. Furthermore, the concentration of Cr(VI) in the sediments could not be correlated with a lower number of bacteria or lower index of generic diversity, neither with the ability of the microbial community to resist or to reduce higher Cr(VI) concentrations.
Introduction
The relationship among ecosystem diversity, structure and function is getting increased attention. Some authors have suggested that enhanced species diversity is beneficial to the ecosystem function [1] , whereas others suggested that the characteristics of an ecosystem depend more on the functional abilities of some particular species than on the total number of species [2, 3] . Microbial diversity in soil and sediments is enormous and there may be considerable functional overlap between microbial species [4] . Certain characteristics, like different environmental responses within a functional group or a divergent ability to grow rapidly, could create a high degree of stability within the microbial communities, but the level of diversity necessary to maintain stability is unknown [5, 6] . The diversity of environmental microbial communities has been studied using new techniques [7] [8] [9] . However, since no single method is currently available to explore the whole bacterial community, a combination of methods is required to 0168 obtain a detailed view of its structure and diversity. The use of 16S rRNA genes as molecular markers has become a routine technique for microbial ecologists. This type of analysis complements and circumvents some limitations of the traditional culturing techniques in the assessment of the biodiversity of microbial communities. Nevertheless, in the analysis of complex communities some drawbacks have been pointed to these PCR-related techniques [10] .
Heavy metals are highly persistent in the environment and are known to alter soil ecosystem diversity, structure and function [11, 12] . Chromium(VI) (Cr(VI)) is released in surface waters or leaches from contaminated soil into groundwater and surface water, threatening water supplies. Chromium undergoes a rapid sorption in the environment and consequently, the concentration of soluble chromium is low compared to sorbed chromium [13] .Generally, chromium is found in the environment in two stable states: Cr(III) and Cr(VI). The first is not very soluble and is immobilized by precipitation as hydroxides, and the latter is toxic, soluble and easily transported to water resources. Microbial Cr(VI) reduction has been used for remediation of chromium-contaminated water and soils [14, 15] .
Many genes conferring antibiotic resistance are located on mobile genetic elements (e.g., plasmids, transposons and integrons), some of which are easily exchanged among phylogenetically distant bacteria [16] . Many of these mobile genetic elements encode resistance to multiple antibiotics, heavy metals and other toxic compounds. Therefore, it is likely that selective pressure by one of such compounds indirectly selects for other resistances, and preliminary studies indicated that the frequency of antibiotic resistance was raised significantly in heavy metal-contaminated environments, including stream sediments [17] .
The aim of the present work was to analyze how chromium contamination influences the bacterial community diversity in a stream. In addition, we analyzed the bacterial community response to chromium contamination in terms of its ability to resist and reduce chromium and its ability to grow in the presence of antibiotics. We choose a river system (the main river and two tributaries) subjected to chromium contamination due to the presence of leather industry. The main river is subjected to chromium contamination after confluence with the river tributaries, receiving chromiumcontaminated wastewaters from leather industry and from the wastewater treatment plant of the near village.
Bacterial diversity in Cr(VI)-contaminated and noncontaminated sediments was assessed by (I) enumeration of cultivable heterotrophic populations, (II) colony morphology typing and (III) phylogenetic analysis of the 16S rRNA genes from the isolates and from the total microbial community DNA. Modifications in bacterial community structure were assessed by Amplified ribosomal DNA restriction analysis (ARDRA) profiling. Community resistance to chromium and antibiotics was assessed by testing the ability of the total microbial community to grow in chromium or in the presence of antibiotics. Moreover, isolates resistant to Cr(VI) were evaluated for their ability to reduce this compound.
Materials and methods

Site description and sample collection
Sediment samples were collected from the river Alviela and from two of its tributaries (Fig. 1) . Various tanneries were built in this area for the last 40 years. A wastewater treatment plant localized in tributary B receives wastewaters from the nearest village and from tannery industries. Tributary A occasionally receives wastewaters from the tannery industry. The amount of Cr(VI) in the water discharged from the wastewater treatment plant was monitored using the diphenylcarbazide method [18] by the Centro Tecnológico das Industrias de Couro and is presented here with permission. The river mean temperature is around 19°C, with six months above 20°C, and the pH varies between 7.2 and 8.3 [19] .
Sampling sites were established along the river and its tributaries: three at the main river, three at tributary B and one in tributary A. From the main river we collected sediment samples at the river springs (R1), at the bank of the river immediately after the confluence of tributary B with the main river (R2) and also at the riverbank 500 m downstream (R3). Samples from tributary B were collected at the beginning of the water course (B1), downstream of the wastewater treatment plant discharge (B2) and immediately before the confluence of tributary B with the main river (B3). One sediment sample was collected at the bank of the tributary A (A1). From each defined site, 3 samples of submerge surface sediments (0-10 cm depth) were collected, pooled and mixed in order to obtain a representative sample for chemical and microbiological characterization. Briefly, the composition of the coarse sediments was quartz, calcite (except in site R2) and muscovite. The clay content was kaolinite (10-40%), illite (15-52%) and montmorillonite (4-17%, except in site R2).
For microbial community studies, the sampling sites with the lowest and the highest Cr(VI) concentrations were chosen.
Sediments analyses
The concentration of chromium was determined for each sediment sample using the EPA3050 soil digestion method. EPA3050 is a soil digest method using acid to partially dissolve soil particles, hereby releasing bound metals [20] . The amount of Cr(VI) was measured colorimetrically at 540 nm by the diphenylcarbazide method [18] . Sediment pH was determined as sediment water slurries using a calibrated pH electrode [21] . A comparative amount of the organic matter in the samples was obtained by quantifying volatilization of the solids at 550°C after drying at 103°C [18] . NaCl and 0.20 g l À1 KCl in distilled water) and homogenized for 1 min. From this suspension, sediment dilutions were spread on PCA plates (Plate Count Agar, Difco Laboratories, Detroit, MI) and PCA with 2 mM Cr(VI), and incubated at 22°C. The cultures were inspected after 3 and 5 days. The colonies were counted and were grouped into morphotypes, based on visual differences according to Smibert and Krieg [22] . From each site, strains were randomly selected from chromium and non-chromium containing plates for further characterization. From the non-selective PCA plates, 46 strains were isolated and 22 strains resulted from the PCA plates with 2 mM chromium. After the first cultivation steps, a total of 60 strains was obtained for characterization. Isolates were designated with a strain number and a prefix denoting the site of isolation (R1, R2, B2 and B3). All of the isolates obtained from Cr(VI)-selective plating were given the additional designation cr.
Both the number of different colony morphotypes and the number of colonies belonging to the same morphotype were used as parameters for calculating the degree of diversity of the community using ShannonÕs index.
Physiological characterization of isolates
Chromium resistance and reduction
All strains isolated from non-selective plates were phylogenetically analyzed after 16S rRNA gene sequencing. These isolates were also checked for Cr(VI) resistance and Cr(VI) reduction by inoculating them into 5 ml of sterile Luria-Broth medium (Difco) with 0.5, 1.0 and 2.0 mM Cr(VI). The cultures were incubated at 30°C with shaking for 5 days. Growth was examined by turbidity and Cr(VI) reduction was determined by the diphenylcarbazide method [18] . The amount of chromium reduced by each strain was calculated based on the amount of Cr(VI) removed from the medium after 5 days of cultivation.
Antibiotic resistance
Antibiotic susceptibility of all isolates recovered from the non-selective plates was determined by the agar diffusion method, using the following antibiotic disks (Biodiscs, BioMérieux 
DNA extraction and amplification
Microbial community DNA of each sample was extracted from 2 g of sediment following the method of Tsai and Olson [24] . Extracts were purified using the Concert Rapid DNA Purification System (Gibco-BRL, UK), according to the manufacturerÕs instructions and then stored at À20°C. Amplification of a nearly fulllength 16 S rRNA gene sequence was performed by PCR with the conserved eubacterial primers pA (5 0 -AGAGTTTGATCCTGGCTCAG; Escherichia coli bases 8-27) and pC5B (5 0 -TACCTTGTTACGACTT; E. coli bases 1507-1492) [25] . The PCR reaction mix (50 ll) contained: reaction buffer (1.5 mM MgCl 2 , 50 mM KCl and 10 mM Tris-HCl, pH 8.3), 100 lM (each) deoxynucleoside triphosphates (Promega, Madison, WI), 0.2 lM (each) primer and 1.5 U Taq polymerase (Sigma, St. Louis, MO). The PCR was performed with a Perkin-Elmer 9600 thermocycler using the following cycles: 1 min at 94°C, 1 min at 55°C and 1 min at 72°C during 30 cycles. After gel electrophoresis (1% w/v agarose gel) of 5 ll subsample of the PCR product, the amount of amplified DNA was calculated by comparing band intensities to a standard curve based on intensities from a ladder (Roche Diagnostics, Mannheim, Germany).
Amplified ribosomal DNA restriction analysis
The PCR products with 1500 bp were purified using the JET Quick PCR Purification Spin Kit (Genomed GmbH, Lö hne, Germany) according to the manufacturerÕs instructions. The amplified DNA of each sample was digested with CfoI, AluI (Promega), HaeIII and DdeI (Roche) to generate restriction profiles. 10 U of enzyme was added to 20 ll of the purified PCR product in the appropriate buffer and incubated for 3 h at 37°C to ensure complete digestion. Digests were subjected to electrophoresis in 2% agarose gel with TAE buffer. The gel was stained with ethidium bromide and then photographed under UV light.
Cloning of PCR-amplified 16S rRNA genes
Undigested PCR products containing 16S rRNA gene sequences from each sediment microbial community were visualized on a 1% agarose gel. Bands corresponding to the correct size (1.5 kb) were excised and purified using a gene clean kit (Wizard SV gel clean-up system, Promega) according to the manufacturer instructions. The purified PCR products were then ligated into pGEM-Teasy (Promega). Ligation mixes were transformed into competent E. coli XL1-Blue cells. White colonies were picked and cultured in 5 ml LB and plasmid DNA was extracted [26] . Plasmids of 40 clones from contaminated and non-contaminated sediments, with inserts of the right size, were preserved.
Sequencing of the 16S rRNA genes from isolates and clones
The 16S rRNA genes from 40 clones and from 60 isolates were subjected to amplification (or reamplification in the case of the clones) for 16S rRNA gene sequencing. Automated sequencing of the purified PCR products was performed using the dRodamina terminator cyclesequencing kit and the ABI 310 DNA Sequencer (Applied Biosystems, Foster City, CA) according to the manufacturerÕs instructions. Primers 114F (5 0 -GCAAC-GAGCGCAACCC-3 0 ) and 1368R (5 0 -CCCGGGAA-CGTATTCACCGC-3 0 ) were used for the sequencing reactions.
Phylogenetic analysis
All sequences were compared with sequences available in the EMBL/GenBank database using BLAST network services and with sequences in the Ribosomal Database Project II (RDP) [27] . Sequences were initially aligned with the CLUSTAL X program [28] , visually examined and relocated to allow maximal alignment. Sequences were also checked for chimeric properties using the CHIMERA_CHECK program of RDP [29] . The method of Jukes and Cantor [30] was used to calculate evolutionary distances and phylogenetic dendrograms were constructed by the neighbor-joining method using the MEGA2 package [31] .
Statistical analysis
All bacterial counts in this study are means of three determinations. The significance of the differences observed in the heterotrophic plate counts was evaluated with analysis of variance (ANOVA). To detect differences between sites regarding site characteristics, a multivariate principal component analysis (PCA) was performed, using CANOCO 4.0 software (Microcomputer Power, Inc., Ithaca, NY). The following chemical and biological variables were used in the analysis: pH, Cr(VI) concentration, log of viable counts, log of Cr(VI) resistant viable counts, strains resistance to Cr(VI), Cr(VI)-reducing ability of the strains, resistance pattern to antibiotics and identified bacterial divisions (isolates and clones).
Nucleotide sequence Accession Numbers
The sequence data reported in this study have been deposited in the EMBL database under the Accession Nos. AJ876656 to AJ876693 for 16S rRNA gene from strains isolated from non-selective medium (without Cr(VI)), and AJ879093 to AJ879109 for strains isolated in medium containing Cr(IV). The Accession Nos. AJ876694 to AJ876730 were obtained for cloned 16S rRNA genes.
Results
Chemical and microbiological characterization of the sample sites
The total volatile solids, the pH and the Cr(VI) concentration were determined in the sediments recovered at the different sampling sites of the river and its tributaries ( Table 1 ). The treated wastewater discharged into tributary B had chromium content between 0.3 and 1.5 mg l À1 . Samples B2 and B3 collected at tributary B were the most contaminated, with a Cr(VI) concentration at least 100 times higher than the other samples analyzed (R1 and R2). Samples B2 and B3 showed high organic contents, with 6.1% and 15.3% (w/w) of volatile solids in the sediments, respectively. Sample R1, collected at the river Alviela, with 0.03 lmol of Cr(VI) per g, pH 8.5 and low organic content (0.54% w/w), was considered not contaminated with chromium and previous samples, collected at the same sample site, had always similar or lower Cr(VI) concentrations. The sediment pH values ranged from 7.0 to 8.5, the heavy-metal impacted sediments having the lowest pH values (7.0 and 7.8).
Cr(VI)-contaminated sediments (B2 and B3) contained 10-100 times more cultivable bacteria than sediments without Cr(VI) (R1 and R2) (10 8 versus 10 6 À10 7 CFU g À1 ) (Table 2) . Moreover, sites contaminated with Cr(VI) had 10 6 CFU g À1 , corresponding to 1% of the total bacteria, able to grow in 2 mM Cr(VI). Site A1 had an intermediate Cr(VI) content and a cultivable bacteria number similar to B sites. Sediments had similar degrees of microbial diversity, being 1.25 in sample sites B2 and R1, 1.33 in sample site R2 and 1.49 in sample site B3.
Microbial diversity and structure of sediments
The ARDRA profile of each site was dependent on the restriction enzyme used, but each enzyme produced a common pattern for all sediments, disabling differentiation between the sites based on the ARDRA profile.
The partial sequences of 16S rRNA genes obtained from the isolates were used for phylogenetic analysis, and reference sequences included in the dendrogram were chosen to represent the closest organism in the EMBL database (Fig. 2) . Six divisions were identified within the domain Bacteria: Actinobacteria, Firmicutes, Bacteroidetes and Alpha-, Beta-and Gammaproteobacteria. All isolates showed >95% identity in homologous nucleotides to the query sequence. The highest number of isolates belonged to the Actinobacteria. The Betaproteobacteria and the Gammaproteobacteria were the second and third dominant cultivable groups, respectively.
All 20 bacteria isolated from the different sites, but in the presence of Cr(VI), were gram-positive organisms. Most of them (88%) belonged to the Actinobacteria group and were mainly Microbacterium species. Strains recovered in non-selective medium were distributed among all six bacterial divisions, although 90% of the isolates of sediment B3 belonged to the Betaproteobacteria group.
All the isolates from non-selective plates were tested for their ability to tolerate Cr(VI) ( Table 3 ). Of the isolates from sediment B2 (the more Cr(VI) contaminated) 90% showed resistance to 0.5 mM Cr(VI) but sediment R2 had the highest number of strains resistant to Cr(VI) concentrations of 1 mM (77.8%) and 2 mM (55.6%). Sediment B3 had the lowest fraction of Cr(VI)-resistant bacteria (20%). The sample collected at the riverÕs spring (R1) had strains resistant up to 2 mM of Cr(VI).
Cr(VI)-resistant isolates were tested for their ability to reduce Cr(VI) ( Table 4) . Isolates able to reduce 1 mM Cr(VI) or more were found in all sediment samples and belonged to the Gammaproteobacteria (2 strains), Betaproteobacteria (1 strain) and Actinobacteria (2 strains) divisions.
All isolates were tested for their resistance to 12 different antibiotics (Table 3) . Each sample site had a microbial community with a different antibiotic resistance pattern. None of the sites had strains resistant to tetracycline. More than 50% of the isolates from sediment R2 was resistant to the antibiotics tested, except for kanamycin and rifampicin. Strains resistant to b-lactamic antibiotics were found in all sites, except in sediment B3, where the majority of Table 2 Number of cultivable bacteria in sediment samples evaluated by plate counts Table 4 ).
The rRNA gene sequences analysis of cultivated and uncultivated organisms of the different sites showed that the Firmicutes, Actinobacteria, Alpha-, Beta-and Gammaproteobacteria and the Bacteroidetes groups were well-represented in the cultivated organisms (Fig. 3) . Strains belonging to Bacteroidetes division were only detected by cultivation, while Acidobacteria and Deltaproteobacteria were only revealed by clone analyses. Furthermore, 6% of the sequences were phylogenetically ambiguous, representing deep branching members of previously described bacterial divisions or, more probably, representing members of new, not yet described divisions. Distribution of the clones revealed that 46% of the Gammaproteobacteria and the entire Firmicutes (Clostridia) were detected in site B2 (Table 5 ). In addition, the chromium-contaminated sites B2 and B3 accounted for 82% of the clones of the Gammaproteobacteria. Five different phylogenetic divisions were found by clone analysis in each site, except in site B2 (with only three divisions).
Principal component analysis showed that two factors explained 82.3% of the total variance and revealed that samples from the main river and the tributaries were well-separated (B from R) (Fig. 4) . The first axis explained 51% of the variance and separated site B3 from the other sites. Site B3 was characterized by the presence of Cr(VI)-reducing strains and the existence of Betaproteobacteria in high number. The second axis explained 31.2% of the variance and separated site B2 from main river sampling sites. Site B2 was characterized by a high amount of Cr(VI), high number of Cr(VI)-resistant bacteria and the presence of Firmicutes. In addition, samples R1 and R2 were separated and the characteristics describing each sample site were different. Site R2 was characterized by the antibiotic resistance pattern of the microbial community.
Discussion
In this investigation we evaluated the impact of Crcontaminated wastewaters on the microbial community of a river. For that purpose, we collected and analyzed samples recovered from the riverbank sediments. Organic matter and metals rapidly adsorb to sediments [13] and probably for that reason, bacteria in sediments are more active than planktonic bacteria [32] and play an important role in the biodegradation of allochthonous substances [25] . The importance of solid surfaces-attached bacteria for the total metabolic activity and carbon cycling in rivers is greater in small rivers and decreases with increasing river size, due to the surface-to-volume ratio [33] .
Influence of cultivation conditions on the microbial community composition
Previous studies have documented that heavy-metal contamination results in the reduction of bacterial diversity, biomass and metabolic activity [34] [35] [36] . In this study however, the presence of chromium could not be directly related to a low number of bacteria or to a reduction in diversity, evaluated by cultivable techniques. Heterotrophic plate counts in sediments with high Cr(VI) concentrations were at least 10 times higher than in the other sediments. The differences between sites, verified by the number of cultivable bacteria, may result from the use of the same cultivation conditions in all sampling sites, which could be more adequate for one site than other. Moreover, it is generally accepted that cultivability depends on the nature of the sample and the culture conditions used [6] . These differences between sites did not correspond to differences in the diversity index nor in the ARDRA profile. The results clearly indicate that the populations recovered by cultivation constitute only a small fraction of the community, but it is probable that the isolates are representatives of the major populations that could be cultivated. Therefore, it seems that the differences observed in the microbial communities, when cultivation methods were used, are probably due to variations in the number of organisms of the more numerous cultivable populations. Postulating this hypothesis, the variations did not correspond to real differences in the microbial community diversity, and consequently, shifts in ARDRA profiles were not detected. Though we cannot rule out the possibility that the stability of the AR-DRA profiles obtained could be due to the low sensitivity of the method, nevertheless ARDRA has been use to compare bacterial diversity and community composition in several environments [9, 10] . In this study, the ARDRA technique was used with the objective to recognize diversity shifts in the bacterial community related to environmental perturbation. The stability of the ARDRA profiles, along the river and tributaries, could indicate that the structural diversity was not changed or, at least, the community composition was not sufficiently altered to originate a different pattern. 
Environmental factors influencing microbial community structure
In studies of natural ecosystems it is often difficult to analyze the influence of heavy metals separately from that of pH, organic content and other environmental factors, since pH can significantly control the solubility of the metals [5] and growth of heterotrophic bacteria depends on organic carbon. In this study, different pH values were observed between the samples collected at the main river (pH 8.5) and the samples collect at tributary B (pH 7 and 7.8). Lower pH values were found in tributary B, in the sample sites after the wastewater treatment plant with high Cr(VI) content. Although the differences would likely have a very small influence on the bioavailability of chromium [21] , they should not be excluded as one of the factors that could have influenced the microbial community composition. The organic content in soil samples was considered one of the key determinants driving the microbial community structure [21, 33, 37] . Here, samples with high Cr(VI) content also had a high organic content, which can probably explain the maintenance of the microbial community diversity due to lack of competition, as suggest by other authors [37] . Bacteroidetes À À À -AM; CF; CRO; S; K; C; E; P R2 30 Gammaproteobacteria + + + 1.1 AM;CF;CRO;S;C;E;P;NA;R;VA R2 31 Betaproteobacteria + + + 0.9 AM;CF;CRO;S;C;E;P;NA;R;VA R2 32 Gammaproteobacteria + + À 0.9 AM; CF; E; P; VA R2 33 Gammaproteobacteria + À À 0.5 AM; CF; E; P; VA R2 35 Gammaproteobacteria + + + 1.1 AM;CF;CRO;S;C;E;P;NA;R;VA +, positive result; À, negative result. AM, ampicillin; CF, cephalothin; CRO, ceftriaxone; P, polymycin; C, chloramphenicol; E, erythromycin; S, streptomycin; NA, naladix acid; R, rifampicin; VA, vancomycin; K, kanamycin. 
Identification of isolates
Isolates identified in this work are members of the bacterial divisions of the Actinobacteria (high G + C gram-positive group), the Firmicutes (low G + C grampositive group), the Bacteroidetes (Cytophaga-Flexibacter-Bacteroides) and the Proteobacteria, in agreement with results of other studies on soil microbial diversity, based on the identification of cultured organisms [25, 36, 38] . Using cultivable methodologies, our work showed that one of the major populations of the microbial community of the river system (except at river springs) belongs to the Betaproteobacteria. Moreover, in site B3, 90% of the isolates belonged to the Betaproteobacteria. The Betaproteobacteria division has been described as a morphologically diverse group [32] , which could explain the diversity index (based on the analysis of colony morphotypes) in B3. Furthermore, Betaproteobacteria are dominant in biofilms [32] and a large fraction of this group is able to oxidize ammonia, participate in the degradation of pollutants [33] and resist to chromium [39] . When the microbial community of site B3 was evaluated by clone analysis, five different bacterial divisions were detected, and the microbial diversity was considered similar to the other sites. Therefore, in site B3, probably the group of Betaproteobacteria was a major cultivable population, but the whole diversity of the microbial community was not different from the other sites. These differences in the evaluation of the microbial communities diversity, observed when using the 16S rRNA gene sequence from isolates or from clones, correspond to differences between plated and total community analysis, and were previously found [36, 40] .
The strains isolated in the presence of Cr(VI) were all gram-positive bacteria, belonging to the Actinobacteria and to the Firmicutes. The use of this selective condition recovered minor cultivable populations of these bacterial divisions in all sites, even in site B3.
The clone library generated from samples contained a variety of phylogenetic groups, including Acidobacteria and Deltaproteobacteria, which were only found by clone analysis. Members of both groups are generally slow-growing bacteria or they have specific physiological requirements. Besides being difficult to recover by cultivation, they have been consistently detected in many different habitats by 16S rRNA gene-based molecular surveys [36] . In tributary B (Cr-contaminated), clone analysis showed enrichment of the microbial community in Gamaproteobacteria when compared to the microbial community of the main river, without decrease of the whole microbial community diversity. This result was in accordance with previous studies on contaminated sites, where bacteria of the genus Acinetobacter were dominant members of the cultivable fraction of the microbial community [32] .
Resistance of the microbial communities to Cr(VI) and antibiotics
Microbial community resistance to Cr(VI) could not be directly related to the concentration of Cr(VI) in the sediments, since sediments B2 and R2, which showed high and low Cr(VI) contents, respectively, both consisted for almost 90% of isolates being resistant to chromium. Besides, Cr(VI)-resistant bacteria were found in sites never exposed to high chromium concentrations (R1), which indicates that resistant species may also be present in uncontaminated habitats. Cr(VI) resistance may be a common feature of the strains in the microbial community. However, the richness of Cr(VI)-resistant strains can probably be explained: in B2 by selection due to the high Cr(VI) concentrations, and in R2 by intermittent exposure to Cr(VI), related to the chromium content of the water discharged by the wastewater treatment plant and to the water volume of tributary B that enters the river near R2.
In the microbial community of sites B3 and R1 strains were found able to reduce high Cr(VI) concentrations along with a low number of Cr(VI)-resistant strains. The presence of Cr(VI)-resistant and non-resistant strains in the same environment was already found in soils and activate sludge ( [39] , J. S. Angle, T. Delorme and R. L. Chaney, personal communication). This can probably be explained by the presence of microenvironments with low Cr(VI) concentrations as a result of the activity of the Cr(VI)-reducing strains, enabling bacteria to stabilize according to their metal resistance ability.
Some researchers have established a correlation between bacterial antibiotic resistance and metal concentration in sediments, suggesting that increased metal concentrations could indirectly select for increased antibiotic resistance in the bacteria present in those environments [16] . We did not observe any association between the Cr(VI) concentration in sediments and the antibiotic resistance in the microbial community. However, in site R2 we found a high number of Cr(VI)-resistant strains as well as a high number of antibiotic-resistant strains. So, metal resistance and antibiotic resistance seem to be linked under certain field conditions [16] . The main factor for the antibiotic resistance selection in site R2 is probably not the metal content, because this site had the lowest Cr(VI) concentration in spite of being subject to intermittent exposure to Cr(VI) (as explained above). Moreover, our results could not establish a relation between the antibiotic resistance profile of the strains and their Cr(VI) resistance ability, since Cr(VI)-resistant isolates did not show any particular antibiotic resistance profile.
The analysis of variance of the chemical and biological parameters apparently indicate that chromium impacted the microbial communities of the river system by changing the microbial community: the number of Cr(VI)-resistant and Cr(VI)-reducing strains and the phylogenetic groups detected by isolation were affected, but not the community structural diversity. The differences in the structure observed using cultivable techniques are probably due to variations in the number or in the metabolic activity of the strains of each population, and not to the presence, or absence, of a specific population. Therefore, most probably in this river ecosystem, microbial populations are not eliminated by Cr(VI), but the decreasing viability of some populations clearly indicates the adjustment of the microbial community to chromium impact.
Chromium in the environment could not be directly correlated with increased antibiotic resistance of the microbial community. Furthermore, we could not associate the concentration of Cr(VI) in the environment with the presence of strains able to reduce high Cr(VI) concentrations, which has implications on the potential for bioremediation of contaminated sites.
